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Microstructural evolution under irradiation 
Neutron irradiation 
a b s t r a c t 
TEM observation and tensile test were examined for vanadium alloys irradiated in a temperature con- 
trol rig in JMTR at 290 °C with damage level ranged from 0.003 to 0.06 dpa. With the increase of the 
neutron dose, irradiation hardening could be observed in all the vanadium alloys except for the V–5Nb 
alloy. In the case of pure vanadium, the relationship between irradiation hardening and neutron dose was 
described as σ ∝ ( φt ) 0.35-0.53 . For V–5Cr alloy and V–4Cr–4Ti–0.1Si alloy, the dose dependence on irra- 
diation hardening increase was shown as σ ∝ ( φt ) 0.8 and σ ∝ ( φt ) 0.8-1.0 , respectively. From the TEM 
observation, the hardening source of radiation-induced defects was mainly determined to be dislocation 
loops for pure vanadium, loops with voids for V–5Cr and, loops and {100} precipitates for V–4Cr–4Ti–
0.1Si and V–3Fe–4Ti–0.1Si alloys. From the strain rate dependence of 8% stress for V–4Cr–4Ti–0.1Si alloys 
tested at RT, the strain rate sensitivity, m = 1/ σ∗( d σ / d ln( d ε/ d t)) shows positive. Therefore, the dynamic 
interaction between interstitial impurities and dislocation is not strong in V–4Cr–4Ti alloys in the tem- 
perature range from RT to 290 °C. A discrepancy of deformation mode of irradiated V–4Cr–4Ti–0.1Si alloys 
with 0.068 dpa could be seen when the charpy impact test indicated the brittle behavior and the tensile 
test indicated the ductile behavior at room temperature. It can be explained by the difference of strain 
rate for the value of yield stress between tensile test and charpy test and the critical fracture stress. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 





























Vanadium-based alloys have been developed for possible use in
he structures of fusion power reactors because of their potential
or low activation and their attractive high-temperature properties
1] . These alloys have been considered to have very low Ductile-
rittle Transition Temperature (DBTT). However, it has been re-
orted that V–4Cr–4Ti irradiated at 10 0 °C–20 0 °C to 0.5 displace-
ents per atom (dpa) in HFBR has the DBTT shifted from below
iquid nitrogen temperature to 100 °C [1,2] . In order to clarify the
echanism of the large increment of DBTT due to neutron irra-
iation, the mechanical properties and the microstructural evolu-
ions have been investigated in neutron irradiated vanadium alloys
t 290 °C in JMTR. ∗ Corresponding author. Tel.: +81770250104. 
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The alloys prepared were V–5Cr, V–5Ti, V–5Nb, pure vana-
ium, V–4Cr–4Ti–0.1Si and V–3Fe–4Ti–0.1Si. The TEM and SSJ ten-
ile specimens were punched out and annealed at 1100 °C for 2 h
fter a degassing treatment at 600 °C for 0.5 h in a vacuum of
1 ×10 −4 Pa. The tensile specimens had nominal gauge dimensions
f 0.25 mm(t) ×1.2 mm(w) ×5 mm (l). Charpy V-notched specimens
ith 1.5 mm ×1.5 mm in size were used for V–4Cr–4Ti–0.1Si al-
oys. Information about impurity levels in specimens can be found
n the previous studies [3–5] . The interstitial contents of V–4Cr–
Ti–0.1Si alloy were 22 C, 414 O and 6 N (wt ppm). Neutron ir-
adiations were carried out in a temperature control rig in JMTR
t 290 ºC with damage level ranged from 0.003 to 0.064 dpa. In a
eries of neutron irradiation experiments, active temperature con-
rol with electric heater and in-pile control system by pulling the
nner-capsules out of the reactor core at a desired time during
eactor operation were adopted [6–8] . Three series of irradiation
xperiments titled as 96M-25U, 97M-35U and 00M-93U for vana-
ium alloy were examined. Regardless of temperature monitoring
nd electric-heater power control in the rig, it has been reportednder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Table 1 
A list of irradiation condition in a series of neutron irradiation in JMTR. 




(n/m 2 s) 
Neutron 
ﬂuence 






96M-25U 2 −30 97.4 5.3e16 1.8e22 0.003 290 
97M-35U 2 160 86.3 1.4e17 4.8e22 0.008 284 
96M-25U 3 −300 588 3.3e16 7.0e22 0.012 290 
00M-93U 2 −35 588 5.6e16 1.2e23 0.021 290 
97M-35U 1 −50 588 1.7e17 3.7e23 0.064 341 
Fig. 1. A plot of irradiation capsule condition showing neutron ﬂux and neutron 
ﬂuence. 
Fig. 2. A schematic cross-sectional ﬁgure of irradiation capsule for a half irradiation 
of 97M35U. The cladding material was made of SUS316 steel and other parts were 




































































e  that unexpected temperature raise up to 340 ºC occurred at the
early irradiation stage ( < 50 h, 5–10% of irradiation dose) in 97M-
35U capsules [7] . Table 1 shows a detailed condition about a se-
ries of neutron irradiation in this study and Fig. 1 shows a plot
of irradiation capsule condition showing neutron ﬂux and neutron
ﬂuence. The neutron ﬂux was varied from the irradiation capsules
in one order. Details of irradiation capsule condition are described
in the paper about the other studies for pressure vessel steel by
Kasada [7] and capsules in this work were loaded close to the cen-
ter of the core. Therefore, the thermocouple position in our cap-
sule was not inﬂuenced by the heater response directly. As a re-
sult, there was no signiﬁcant unexpected rise of temperature in
the early stage of irradiation in the experiments of 96M-25U and
a half cycle irradiation of 97M-35U. But it was seen for one cy-
cle irradiation in 97M-35U as mentioned by Kasada’s report. De-
tails of irradiation capsule for a half cycle irradiation of 97M-35U
is described in Fig. 2 . He gas was adopted as a sealed gas. ThePlease cite this article as: K.-i. Fukumoto et al., Dose dependence of irra
temperature control rig in JMTR, Nuclear Materials and Energy (2016), atio of dpa to fast neutron fuence for the capsule in JMTR was
.74 ×10 −25 dpa/ (n/m 2 ). Tensile tests were carried out at RT in the
ir or at 290 °C in a vacuum of 3 ×10 −3 Pa with a strain rate ranged
rom 6.7 ×10 −4 to 6.7 ×10 −1 /s to get information about the strain
ate sensitivity (SRS). TEM observations were performed at RT with
ccelerating voltage of 200 kV. 
esults 
Fig. 3 shows a series of stress–strain curves of V–4Cr–4Ti–0.1Si
lloys for unirradiated and irradiated ones. Yield stress, ultimate
ensile stress, uniform elongation and work hardening exponent
ere obtained from the stress–strain curves, as shown in Fig. 4 .
ith the increase of irradiation dose, irradiation hardening in-
reased, the uniform elongation became shortened and the work
ardening coeﬃcient decreased. Even though the signiﬁcant irradi-
tion hardening and loss of ductility appeared on the stress–strain
urves in irradiated specimens, brittle behavior could not be seen
n these conditions. 
The ductile-brittle transition curves were obtained from the
harpy impact tests for V–4Cr–4Ti–0.1Si alloys for 97M-35U se-
ies irradiation shown in Fig. 5 . The DBTT for unirradiated speci-
ens show less than liquid nitrogen temperature. In the irradiation
BTT raised up to 180 K and 400 K for 0.008 dpa and 0.064 dpa
evel, respectively. The fractography of irradiated sample shows
hat the lateral expansion disappeared and a large crevice can be
een below the surface of V-notched part showing brittle fracture
anner. 
Fig. 6 shows the damage level (dpa) dependence on yield stress
ncrease, σ y for various vanadium alloys irradiated in JMTR. The
ield stress, ultimate tensile strength and work hardening coeﬃ-
ient were obtained from strain–stress curve of irradiated spec-
mens. With the increase of neutron dose, irradiation hardening
ould be seen in all the vanadium alloys except V–5Nb alloy. In
he case of pure vanadium, the relationship between irradiation
ardening and neutron dose was described as σ pure V ∝ ( φt ) 0.53 .
or V–5Cr, V–5Ti, V–4Cr–4Ti–0.1Si and V–3Fe–4Ti–0.1Si alloys, the
ose dependence on irradiation hardening increase was shown as
σ ∝ ( φt ) 0.8 , σ ∝ ( φt ) 0.20 , σ ∝ ( φt ) 0.8 and σ ∝ ( φt ) 0.73 , re-
pectively. 
Tensile tests for V–4Cr–4Ti–0.1Si alloys were carried out at RT
nd 290 °C at strain rates between 6.7 ×10 −4 and 6.7 ×10 −1 /s. The
train-rate dependence was determined for the lower yield stress
LYS . Fig. 7 shows the strain-rate dependence of lower yield stress
or V–4Cr–4Ti–0.1Si irradiated in the 97M-35U with damage lev-
ls of 0.008 dpa and 0.064 dpa. From the engineering stress–strain
urves of neutron irradiated V–3Cr–4Ti–0.1Si alloys tested at RT
nd 290 °C in this study, the ﬂow curve contains no serration.
n the ﬂow curve of V–4Cr–4Ti–0.1Si irradiated with 0.008 dpa,
here was Luders extension. On the other hand, there was no Lud-
rs extension on stress–strain curves of V–4Cr–4Ti–0.1Si irradiated
ith 0.064 dpa in tensile tests at RT and 290 °C. From the gen-
ral relationship between ﬂow stress and strain rate, the strain ratediation hardening of neutron irradiated vanadium alloys by using 
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Fig. 3. A series of stress–strain curves of unirradiated and irradiated V–4Cr–4Ti–0.1Si alloys at JMTR. 
Fig. 4. Dose dependence of yield stress, ultimate tensile strength, uniform elonga- 
tion and work hardening coeﬃcient of V–4Cr–4Ti–0.1Si irradiated at JMTR. 
Fig. 5. Ductile-brittle transition curves and Fractography surface images obtained 
from the Charpy impact tests for V–4Cr–4Ti–0.1Si alloys for 97M-35U series irradi- 












Fig. 6. Dpa dependence of yield stress increase for various vanadium alloys irradi- 
ated in JMTR. 
Fig. 7. The strain-rate dependence of lower yield stress for V–4Cr–4Ti–0.1Si irradi- 










iensitivity (SRS) parameter is deﬁned as follows: 
 = 1 
σ
dσ
d ln ˙ ε
(1) 
When the ﬂow stress σ rises with the increase of strain rate ˙ ε,
.e., m > 0, slip deformation is a thermally activated process. When
 < 0, a barrier strength of obstacle against dislocation slip motion
s weakened and leads to reduction of the ﬂow stress, because in-
reasing the strain rate decreases time available for solute diffusion
o dislocations. Values of the SRS for the lower yield stress and
he ﬂow stress (the stress required to produce a plastic strain of
%) were determined for each irradiation condition and test tem-
erature from a logarithmic ﬁt to the data of Fig. 7 . Fig. 8 showsPlease cite this article as: K.-i. Fukumoto et al., Dose dependence of irra
temperature control rig in JMTR, Nuclear Materials and Energy (2016), he SRS of lower yield stress dependence on the test temperature
or the irradiated V–4Cr–4Ti–0.1Si in this study and the previous
ata for V–4Cr–4Ti (US-832,665) irradiated in HFBR [9] . All data
f SRS, m in this study shows positive value and good agreement
ith the previous data for US V–4Cr–4Ti alloy irradiated in HFBR.
ig. 9 shows the TEM images of pure V, V–5Cr, V–5Nb and V–
Cr–4Ti–0.1Si alloys irradiated with a damage level of 0.064 dp at
90 °C. The inserted images in Fig. 9 (b)–(d) shows the higher mag-
iﬁcation images for characteristic defect clusters in the neutron-
rradiated alloys. diation hardening of neutron irradiated vanadium alloys by using 
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Fig. 8. The strain rate sensitivity (SRS) of lower yield stress dependence on the test 
temperature for the irradiated V–4Cr–4Ti–0.1Si in this study and the previous data 










































































A  Discussion 
The value of work hardening coeﬃcient of neutron-irradiated
V–4Cr–4Ti–0.1Si alloy was obtained by true stress–true strain
curves calculated by original stress strain curves and decreased
from 0.18 to 0.1 by increasing the damage level. Toloczko reported
that the value of strain hardening exponent of unirradiated V–4Cr–
4Ti alloys is 0.16 –0.18 at room temperature and that the strain
hardening exponents were calculated from 0.01 to 0.02 true plastic
strain assuming V–4Cr–4Ti follows the power law strain hardening
equation ( σ = k ε n ) [10] . The value of work hardening coeﬃcient of
unirradiated V–4Cr–4Ti–0.1Si alloy in this study is in good agree-
ment with the value of strain hardening coeﬃcient in Toloczko’s
research. On the other hand, there is an alternative method for
evaluating the irradiation hardening behavior using the analysis of
plastic ﬂow stress changes in neutron-irradiated alloys [11,12] . The
constitutive equation describing plastic ﬂow of neutron irradiated
FCC metals and alloys is given by the Swift equation: σ = k ( ε −ε 0 ) n .
a three parameter Swift equation k, ε 0 and n is that it can closely
describe the true stress–true strain curves for irradiated materi-
als, in which the effect of irradiation hardening can be reﬂected by
shifting the ﬂow curve of unirradiated material in the low strain
direction by ε 0 . By ﬁtting the data of true stress–true strain curves
for neutron-irradiated V–4Cr–4Ti–0.1Si alloys to the Swift equation,
we obtained the following relation: 
σ = 950 ( a − ε ) 0 . 5 , a = 0 . 11 + 3 . 862 ∗ dpa 
This equation can accurately reproduce the true stress–strain
curves below 0.021 dpa, but at 0.064 dpa the deviation of ﬁtting
data cannot be disregarded. It is considered that the parameter a is
indicated to be proportional to damage level approximately. Above
0.1 dpa for V–4Cr–4Ti–0.1Si alloys irradiated at 300 °C, the yieldFig. 9. TEM images of vanadium alloys irradiated with 0.068 dpa at 290 °C in JMTR; (a) 
the characteristic feature of defect clusters in each alloys; (b) a void at the center of a dis
and Ti(CON) clusters with {001} habit plane. 
Please cite this article as: K.-i. Fukumoto et al., Dose dependence of irra
temperature control rig in JMTR, Nuclear Materials and Energy (2016), tress and UTS reached to saturation value and made plastic in-
tability showing signiﬁcant loss of ductility and irradiation hard-
ning. It indicates that the improved approximated expression of
ose dependence for the a value will be required at higher dam-
ge level above 0.05 dpa from this study case. Moreover, the value
f n on the Swift equation with 0.5 should be the same as the
ork hardening coeﬃcient with 0.18 in this study in principal, be-
ause the value of n on the Swift equation should correspond to
he work hardening coeﬃcient. It still remains the subject for a fu-
ure study, but this data will be available to reproduce the plastic
ow behavior of neutron-irradiated V–4Cr–4Ti–0.1Si alloy basically.
From the result of tensile test of neutron-irradiated vanadium
lloys, the irradiation behavior of vanadium binary alloys and V–
Cr, Fe)–Ti alloys can be classiﬁed into three types according to
he dose dependence of yield stress and ultimate tensile stress as
hown in Fig 6 . The type I alloys are pure V and V–5Ti showing
hat the power of number on dose dependence of yield stress is
.2–0.5. From the TEM observation and the previous studies [4,5] ,
he microstructures of these alloys showed the coarsened dislo-
ation network and large dislocation loops at 0.068 dpa. Particu-
arly, pure vanadium showed the existence of microviod and void
n the matrix from the result of TEM observation as shown in
ig. 9 (a) and positron annihilation analysis. The type II alloys are
–5Cr, V–4Cr–4Ti–0.1Si and V–3Fe–4Ti–0.1Si alloys. The dose de-
endence of yield stress in these alloys showed that the power
f number is about 0.8 to 1. The microstructure of these alloys
as in the form of small defect clusters considered as interstitial
oops and Ti(OCN) precipitates as shown in Fig. 9 (d). It has been
eported that the density of defect clusters increases proportion-
lly with the increase of irradiation dose for neutron dose and
on irradiation dose [5] in the range of damage level from 0.01
o 0.1 dpa. Visible void formation on TEM observation could not
e seen in this irradiation condition. The type III alloys are V–5Nb
howing no dose dependence of yield stress in this irradiation con-
ition. From microstructural analysis coarsened dislocation loops
ere only formed and vacancy clusters such as microvoid and void
ould not be seen in the TEM observation as shown in Fig. 9 (c) and
he positron annihilation analysis. This tendency of classiﬁcation
n irradiation behavior is caused by the effect of atomic size factor
f additional solute in vanadium alloys for defect cluster formation
rocess. The atomic size factors of type I alloys, pure vanadium
nd V–5Ti alloy are zero and 7.3%, respectively. The microstructural
volutions of these alloys can be seen by showing both dislocation
oop and microvoid formation from the initial stage of neutron ir-
adiation at 0.001 dpa. The dislocation loops grow into coarsened
islocation network as irradiation goes up to 0.1 dpa and the mi-
rostructural evolution proceeds rapidly compared to type II alloys.
ccording to the microstructural evolutions, the growth rate ofpure V, (b) V–5Cr, (c) V–5Nb and (d) V–4Cr–4Ti–0.1Si alloys. Inserted ﬁgures show 
location loop in V–5Cr, (c) loop-rafting clusters in V–5Nb and (d) dislocation loops 
diation hardening of neutron irradiated vanadium alloys by using 
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Ticrostructure reached a steady state at 0.1 dpa. On the other
and, type II alloys contain the undersized solute atom such as
e and Cr. The atomic size factor of Cr and Fe against vanadium
atrix are −6.6% and −13.9%, respectively. When the under-sized
olute atom plays a role of the nucleation of defect clusters formed
n V–5Cr and V–(Cr,Fe)–Ti alloys, the nucleation rate of defect clus-
ers is inﬂuenced by the concentration of solute atom. Therefore,
he nucleation rate of defect clusters in type II alloys should be
lower than the one in type I alloys. That should be the reason
hy the accumulation of defect clusters of type II alloys is delayed
ompared to type I alloys. Type III alloy, therefore V-5Nb is the
versized solute alloy with the atomic size factor of + 13.9%. The
versized solute atom combines with vacancy easily and enhances
he recombination of both vacancy and interstitial at the oversized
olute atom-vacancy complex site. The nucleation and growth rate
f defect clusters for interstitial clusters and microviods are ex-
remely suppressed and the microstructural evolutions cannot pro-
eed smoothly. The defect cluster formation process at initial stage
f irradiation is inﬂuenced by the material design such as solute
lement addition and heat treatment. The mechanical properties
hange during irradiation is directly reﬂected in the microstruc-
ural evolutions of irradiation damage. 
From the result of strain-rate dependence of yield stress in the
eutron-irradiated V–4Cr–4Ti–0.1Si alloys, the m value of strain-
ate sensitivity was determined to be positive below 290 °C in V–
Cr–4Ti alloy. If m < 0, interstitial impurities (O, C, N) can move
ccompanying dislocation motion during deformation process due
o the effect of dynamic strain ageing. Since all the data of SRS,
 in this study shows positive value and good agreement with
he previous data for US V–4Cr–4Ti alloy irradiated in HFBR [8] ,
he interaction between interstitial impurities and defect clus-
ers/dislocation is affected by the irradiation damage process after
eutron irradiation less than 300 °C. In other words, the migration
rocess of interstitials and the magnitude of Cottrell atmosphere
n dislocation lines and dislocation loops are not inﬂuenced by the
xcess vacancy and distorted structure produced by the irradiation
amage. Therefore, the dynamic strain aging should be only ther-
al activation process between impurity and mobile dislocation,
nd independent of irradiation damage process. 
According to the result of charpy impact test and tensile test of
eutron-irradiated V–4Cr–4Ti–0.1Si alloys, there is a discrepancy of
eformation mode of irradiated specimen the charpy impact test
ndicated the brittle behavior while the tensile test indicated the
uctile behavior at room temperature in the specimen irradiated
ith 0.068 dpa. In order to clarify the difference of deformation
rocess between the tests, the effect of strain rate between charpy
est and tensile test is quoted. Zinkle pointed out that there is a
ritical fracture stress σ f ∗ to make V–4Cr–4Ti alloy brittle when
he yield stress σ y exceeds σ f ∗ = 700 MPa [2] . From the previous
eport, the Fig. 8 in the ref [2] shows an example of how the mea-
ured yield strength of V–4Cr–4Ti can be correlated with the DBTT
easured with machined-notch Charpy specimens (MCVN). This
orrelation indicates that brittle fracture behavior in unirradiated
nd irradiated V–4Cr–4Ti MCVN specimens occurs whenever the
ield strength exceeds 700 MPa. It should be noted that strain rate
ffects have not been included in this correlation, and that the mi-
roscopic critical fracture stress ( σ f ∗) is signiﬁcantly higher than
he microscopic effective yield strength for brittle fracture plotted
n Fig. 8 ( σ f ∗) in Ref. [2] . 
In this study, the strain rate effect can be a subject of dis-
ussion whether the critical fracture strength is effective for the
harpy test and tensile test using neutron-irradiated V–4Cr–4Ti–
.1Si alloy with the same irradiation condition. When the strain
ate dependence of yield stress is extrapolated from 10 −4 to 10 −2 
or the experimental condition in the tensile tests to 10 3 /s order
f the experimental condition in the impact test. From the resultPlease cite this article as: K.-i. Fukumoto et al., Dose dependence of irra
temperature control rig in JMTR, Nuclear Materials and Energy (2016), f extrapolation of the lower yield stress (LTS), the LTS value of
.064 dpa specimen and 0.008 dpa specimen reached to 700 MPa
nd 580 MPa at 10 3 /s, respectively. Since the value of yield stress
t 10 3 /s of strain rate extrapolated from the result of tensile test
xceed the critical fracture stress σ f ∗, the deformation mode of
–4Cr–4Ti–0.1Si alloy irradiated with 0.068 dpa in the charpy test
hows the brittle deformation mode in spite of the fact that the
ne in the tensile test shows the ductile deformation mode. It is
uggested that the deformation mode of charpy test can be de-
uced from the deformation mode of tensile test using extrapo-
ation of the strain rate dependence of yield stress and the criti-
al fracture stress σ f ∗ approximately. Therefore, the critical yield
tress σ f ∗ can be explained by solving the discrepancy between
he brittle behavior of charpy impact test and the ductile behavior
f tensile test and the effect of strain rate is reappreciated for the
acroscopic deformation mode by taking into account the plas-
ic instability and ﬂow localization of not only neutron-irradiated
anadium alloys but also other metals and alloys. 
ummary 
In order to clarify the mechanism of the large increment of
BTT due to neutron irradiation below 300C, TEM observation and
ensile test were examined for vanadium alloys irradiated in a tem-
erature control rig in JMTR at 290 ºC with damage level ranged
rom 0.003 to 0.06 dpa. 
With the increase of neutron dose, irradiation hardening could
e observed in all the vanadium alloys except for V–5Nb alloy. In
he case of vanadium, the relationship between irradiation hard-
ning and neutron dose was described as σ pure V ∝ ( φt ) 0.35-0.53 .
or V–5Cr alloy and V–4Cr–4Ti–0.1Si alloy, the dose dependence
n irradiation hardening increase was shown as σ ∝ ( φt ) 0.8 
nd σ ∝ ( φt ) 0.8-1.0 , respectively. From the TEM observation, the
ardening source of radiation-induced defects was mainly deter-
ined to be dislocation loops for pure vanadium, loops with voids
or V–5Cr and, loops and {100} precipitates for V–4Cr–4Ti–0.1Si
nd V–3Fe–4Ti–0.1Si alloys. These irradiation behaviors including
icrostructural evolutions and mechanical property changes of
eutron-irradiated vanadium alloy were classiﬁed into three types
nd could be explained by the effect of atomic size factor of addi-
ional element based on the binary alloy. 
From the strain rate dependence of 8% stress for V–
Cr–4Ti–0.1Si alloys tested at RT, the strain rate sensitivity,
 = 1/ σ∗( d σ / d ln( d ε/ d t)) shows positive regardless of irradiation
ondition. Therefore, the dynamic interaction between interstitial
mpurities and dislocation is not strong in V–4Cr–4Ti alloys in the
emperature range from RT to 290 °C. 
A discrepancy of deformation mode of irradiated V–4Cr–4Ti–
.1Si alloys with 0.068 dpa was seen when the charpy impact test
ndicated the brittle behavior and the tensile test indicated the
uctile behavior at room temperature. Since the value of yield
tress at 10 3 /s of strain rate extrapolated from the result of tensile
est exceeds the critical fracture stress σ f ∗ = 700 MPa, the defor-
ation mode of V–4Cr–4Ti–0.1Si alloy irradiated with 0.068 dpa in
he charpy test shows the brittle deformation mode in spite of the
act that the one in the tensile test shows the ductile deformation
ode. It can be explained by the difference of strain rate for the
alue of yield stress between the tensile test and the charpy test
nd the critical fracture stress. 
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